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5% of MATTER
Why not ~ 0% ??
e Cosmological MATTER-ASYMMETRY need
physics Beyond the SM (BSM) to explain why

108+1 quarks for every 10® antiquarks in the
early universe

e the New Physics must couple fo us

e Cosmology suggests the New Physics is
probably at accessible energies



Baryogenesis

Possibilities within popular theories BSM

Leptogenesis: decay of very heavy right handed
neufrinos

Electroweak Baryogenesis: new bosons providing
Ist order phase transition

Affleck-Dine: evolution and decay of squark/
slepton condensate

many other ideas

e Need nonstandard CP violation:
= Electric Dipole Moments
= CPV in long baseline neutrino oscillations

The 3 Frontiers contribute to solve Problem
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Neutrino mass hierarchy: with SN neutrinos
(LBNE) and atmospheric neutrinos (PINGU)



IceCube Detector @ South Pole

lceCube Lab
‘“-__.._

First km-scale

Neutrino detector

~ 5,000 10" PMTs

78 strings: 125 m apart
depth to 2.8 km

Original Target:
TeV-PeV neutrinos

Now reaches ~ 10 GeV
with Deep Core Infill
8 strings 72m




PINGU

Precision IceCube Next Generation Upgrade

Atmospheric neutrinos provide
many values of L and E

Very large baselines for probing
matter effects (¥12,700 km)

Add ~40 strings inside DeepCore
20-25m string spacing (73 for DcY*
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CF-6 Summary

Baryogenesis: EDMs, CP violation in neutrino
sector, and inflation scale are key measurements

Neutrino mass hierarchy: with SN neutrinos
(LBNE) and atmospheric neutrinos (PINGU)

Origin of highest energy particles in the universe
(multi-messenger campaign)

+ BSM fests with cosmic particles



Highest Energy Cosmic Particles

12 pianos

100 EeV

Cosmic Rays

Neutrinos?7??




CF-6 Summary

Origin of highest energy particles in the universe
(multi-messenger campaign)

Fundamental physics accessible with next
generation instruments

Control of astrophysical systematics with
precision VHE gamma-rays (CTA)

Neutrino interactions at high energies to be
measured with GZK neutrinos (ARIANNA, ARA, ...)

300 TeV C-M interactions to be measured with
UHECRs (JEM-EUSO)

Probing Planck scale physics is now possible
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Fundamental physics accessible with next
generation instruments

Control of astrophysical systematics with
precision VHE gamma-rays (CTA)

Neutrino interactions at high energies to be
measured with GZK neutrinos (ARIANNA, ARA, ..

300 TeV C-M interactions to be measured with
UHECRs (JEM-EUSO)

Probing Planck scale physics is now possible



Gamma-ray probe of Planck scale physics

9 pianos

100 TeV




o
Lorentz Invariance Violation

* Vacuum dispersion relation for photons
* Energy dependent speed of light

* Physics at Planck scale
* Quantum Gravity
* String Theory
* Can not directly probe this energy scale
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Testing LIV with Gamma-Ray Bursts

| | * GRB 090510
f . e Timescale < 1 sec
g A SO . 'rElLW}l.leU“ GeV

WAWM_MM - *|E%,>3x10° GeV
E “| = Background: Source

effects — energy

JLFHMW dependent

s 4 From N. Otte, SLAC meeting
~ N. Otte talk DPF:145, 16-Aug-2013, 8:45
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Photon Dispersion Limits from GRB 090510

Fermi, Nature, vol 462, p331 (plus l-
comment on p291)

Table 2 | Limits on Lorentz Invariance Viclation
g [l Te Limiion Reasoning for choce of ke E' Vaie | Lower limit on
(ms)  |Al (ma) o imit on At or |AUAE | (MeV) fors® | Mo oM.
(a -30 <B58  start of any <1 MeV emission 0.1 1 >1.19
(b7* 530 <298 slart of main <1 Me'/ amission Q.1 1 > 342
4 AdE < {89 darl of man =0 1 Ge\/ emission 10660 1 =8 R%
(d)® a0 =09 slawl of = 1 GV emission 1000 1 =100
(a)* <10 association with < 1 Me\/ spike 0.1 =1 > 102
n* — <18 If 0.75GeV* yoray from 1" spike 0.1 -1 =143
(o) |AVAE|< 30 mu/GeY  lag analysis of » | GV spikes = — 1 > 122

PKS 21
Z=0.116
Emax ~ 500
GeV
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~minutes
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HAWC:
Water Cherenkov pumses

USA: B

16 institutions,
57 people
Mexico:

15 institutions

02/2012

54 people

pppppp

to be completed U205

in Aug 2014

from Dingus CSS’13



CTA: Cherenkov Telescope Array

from Funk CSS’13 D. Williams talk DPF:163, 15-Aug-2013 10:30



Control of Astro-Systematics

Dark Matter, Lorentz Invariance Tests

Adapted from
Tadashi Kifune

X-ray
Satellites

HE y-ray
Satellites

Arnund-hased
/ VHE y-ray obs.

1970 1980 1990 2000 2010
Year
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CF-6 Summary

Origin of highest energy particles in the universe
(multi-messenger campaign)

Fundamental physics accessible with next
generation instruments

Control of astrophysical systematics with
precision VHE gamma-rays (CTA)

Neutrino interactions at high energies to be
measured with GZK neutrinos (ARIANNA, ARA, ...)

300 TeV C-M interactions to be measured with
UHECRs (JEM-EUSO)

Probing Planck scale physics is now possible
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Nature’s HE

Extragalactic

Blazars:

L

Jets

EBL in IR
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Photon emission by accelerated charged particles

Photons emitted by Protons
Energy Flux = v

\,.

Inverse Compton ||
(need photon ﬁE[dS}\llll

\g

67 MeV =0.5"m(rt%) Energy

S. Funk CR2012

Synchrotron
(need B-field)
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Energies and rates of the

cosmic-ray particles
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Energies and rates of the

cosmic-ray particles
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The most energetic Particles ever detected?
Ultra High Energies Cosmic Rays (UHECRS)



1962 John Linsley's

observation of a ~102° eV event
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p-Air Cross Section at sqrt(s) = 57 TeV
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Low energy extensions (e.g. TALE) can cross-calibrate with LHC
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“Known unknown”

Cosmic Magnetic Fields

R, =kpc Z' (E/ EeV) (B/ uG)!
R, =Mpc Z' (E/EeV) (B / nG)"’

1 EeV =108 eV

Extra-galactic B?

B < nG weak deflection

E >10Y%eV
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“Cosmologically Meaningful Termination”

GZK Cutoff
Greisen, Zatsepin, Kuzmin
1966
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Modern Propagation Codes

Public:
CRPropa
1.0 Armengaud et al ‘06
2.0 Kampert et al. ‘12
3.0 Alvez Batista et al 13
SimProp
Aloisio et al 12

Private:
Allard et al ‘04
Taylor ‘07
Ahlers '10
others...




Source Model:
‘injection spectrum:E-s
‘injected composition
‘redshift distribution

{,[Propagation Codes
l{'"u |? .
y % g _D' ] H

PP
.fﬁi‘"f?'-ﬁﬁﬁgl

InterGal 2

I ®
Magnetic [ e
g - ..- ‘-‘ | @

Fields A

Ty
Interaction Cross Sections, z evolution
Background Fields: CMB, UV/Opt/IR
Primary, Secondary nuclei, nucleons,
e+e-, gamma-rays, neutrinos,...

Multi-messengers




Ultrahigh Energy Cosmic Rays
Leading Observatories

Telescope Array

Utah, USA
700 km? array

3 fluorescence sites . i ,l'ﬁ
-
A A '
e B e % i ;
Rez s e M L % Pierre Auger
R Observatory

Mendoza, Argentina

#3000 km?array
4 fluorescence sites



The Pierre Auger Observatory

Argentina 500 Scientists, 19 Countries /

Australia
Brasil .
Bolivia® '
Croatia

Czech Rep.

France
Germany
Italy
Mexico
Netherlands
Poland
Portugal
Romania®
Slovenia
Spain

UK

USA 4 fluorescence Telescopes .
Vietnam*

*Associate Counfries Mﬂlﬂl‘gﬂﬂ, hrg En'ﬁ na . o




surface detector




array of tanks
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Telescope Array
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2012 CERN
Working
Group

Unified
Spectrum

~10% absolute
energy shifts
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_To fit the spectrum, need:
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el : ¢ OI ) injection spectrum: E-, E,__
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- @ Auger injection composition
i Transition Gal/Extragal model
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Mixed Composition Model (Young Pulsars)
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Source Model:
*‘injection spectrum:E-s
‘injected composition
‘redshift distribution




Composition

observable:
shower maximum

Auger level
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Auger Muons

Systematic Uncert.
| Qll-04 p
- QllI-04 Mixed
. EPOS-LHC p
EPOS-LHC Mixed

Observe “too many” muons, even for Mixed Composition!




Inhibit E transfer from hadronic into EM shower,
by reducing the production or decay of 1°

E ""‘4_..';13’“4"1—,'_'-:.1.{ i Chiral Symmetry
& &R N Restoration
& sl P‘}::m decay suppression
| Pion production suppression
24 | *
650 700 750 800 850 900
Xmay [9/cm°]
Property Increased | Change in NV | Change m Xpay
Cross-section — Decreased
Elasticity - Increased
X /il Multiplicity Increased Decreased
Farrar & Allen ICRC 2013 Po : :
SV i rimary Mass Increased Decreased
arXiv:1307.5059, 0
t° Eng._ Prac. Decreased —




How can we tell New Physics from Astrophysics?

Muon Numbers & X_



How can we tell New Physics from Astrophysics?

Muon Numbers & X_
correlation bet. ground signal & X, for individual
hybrid events can discriminate between models



How can we tell New Physics from Astrophysics?
Muon Numbers & X_
correlation bet. ground signal & X, for individual

hybrid events can discriminate between models

Auger Upgrade



How can we tell New Physics from Astrophysics?

Look for Spectral Recovery - indicate PROTONS




How can we tell New Physics from Astrophysics?

Look for Spectral Recovery - indicate PROTONS

FIND THE SOURCES!!!



Where are they coming from?

Don’t know!




EECR Anisotropy Hints
E > 60 EeV

Mild anisotropy - still
dominated by isotropic

background at 55 EeV
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Scaled flux E*” J(E) (m”s'sr'eV')
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How can we tell New Physics from Astrophysics?

Look for Spectral Recovery - indicate PROTONS
Increase Statistics by 1 o.o.m. at Highest Energies

FIND THE SOURCES!!!
Increase Statistics by 1 o.o.m. at Highest Energies



To detect sources
Observe at higher energies - fewer sources
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To detect sources

Increase statistics: ~1,000 events > 60 EeV
~100 events > 100 EeV

Mized | E,, . =Z x 316 EeV|a=2.3 | n;=01.6 107* Mpc™® | By, =0.3nG | N( >100EV) =100
LR AT - 4 spurces

7 evts (4.10 Mpc)

5evts (3.70 Mpc)

5 evis (370 Mpc)

+30°

Protonrich ©

5 ayits (10.00 Mpc)

£=0,1 L=2 £=3,.8 £=9,..19 £=20,..26
E=60EeVY =+ E=70EeV = E=8B0EeVY o E=90EeVY © E=100EeV



To detect sources

Increase statistics: ~1,000 events > 60 EeV
~100 events > 100 EeV

Mized | Eypar =4 % 10 Ex V|a=1.6|n,=10 Mpe i B -(L3nGG | N =80EeV) =250
- 10 sources

56 evts (18.90 Mpc)

L : wanniiasaia : - i ............ _. - 1. p A e g S st 53 avis (1900 r.."ll'_}r_:]
: e T sSosh - &, e g 1 evts (32.60 Mpc)

o

Z=0,1 Ho L=2 Z=3,.8 Z£=9,.19 2=20,.26
E=60EeV = E=/0EeV > E=80EeVY © E=90EeV © E=100EeV




How many EECRs > 60 EeV?

Auger w/ 3,000 km?

~20 events > 60 EeV/ yr
Telescope Array w/ 700 km?

~5 events > 60 EeV/ yr

Auger + TA ~ 25 events/yr > 60 EeV
40 years to reach 1,000!!!



How many EECRs > 60 EeV?

Auger w/ 3,000 km?
~20 events > 60 EeV/ yr
Telescope Array w/ 700 km?
~5 evenfts

Auger + TA ~ 25 even’r%@
40 years to rﬁ m
Earfhﬁ surface ~ 5 108 km?

L

~3.4 10¢ events/yr



How can we tell New Physics from Astrophysics?

Look for Spectral Recovery - indicate PROTONS
Increase Statistics by 1 o.o.m. at Highest Energies

GO TO SPACE! JEM-EUSO

FIND THE SOURCES!!!
Increase Statistics by 1 o.o.m. at Highest Energies

GO TO SPACE! JEM-EUSO



Unwerse Spnce Observai'ory (EUSO)
upanese Experiment Module (JEM) of fhe ISS




How many UHECRs > 60 EeV?

Auger + TA ~30 events/yr

JEM-EUSO
~200 events > 60 EeV/ yr



How many UHECRs > 60 EeV?

Auger + TA ~30 events/yr

JEM-EUSO i~ A NE,
~200 events > 60 EeV/ yragifh VNas o\

n©
Earfh& gﬁgt 5 108 km?2

~3.4 10° events/yr
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Focal Surface Detector




Focal Surface Detector

26mm Y. Kawasaki, ID 0472
- 35mm M. Ricci. ID 0335

Elementary Cell

4932 2x2 PMTs = 256 pixels)

MAPMTs
(8x8 pixels)

\

Photo-Detector Module
(3x3 ECs = 2,304 pixels

Focal Surface detector
137 PDMs

= 0.3M Pixels
1 High Voltage / PDM

27



“Cosmic Ray Observatory on the ISS”
& ! :

AMS Launch

=
S
May 16, 2011
V '\\‘i"

™ i
CALET on JEM
HTV Launch 2014

JEM-EUSO
Launch Tentatively
planned for 2017

--







1SS orbit @ 400km
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_ In a decade, we can probe
N\, particle interactions at
> 300 TeV CM

from Spacel"

ey L=



CF-6 Summary

Origin of highest energy particles in the universe
(multi-messenger campaign)

Fundamental physics accessible with next
generation instruments

Control of astrophysical systematics with
precision VHE gamma-rays (CTA)

Neutrino interactions at high energies to be
measured with GZK neutrinos (ARIANNA, ARA, ...)

300 TeV C-M interactions to be measured with
UHECRs (JEM-EUSO)

Probing Planck scale physics is now possible



Cosmogenic (GZK) Neutrinos & Photons
and UHECR composition
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Neutrino Astronomy Begins

PeV neutrinos first observed by IceCube (Apr'l3)

fue Aug 9 O7:23:18 2011 Twe Jon 3 03:34:01 2012

Bert.1.05 PeV  Ernie 1.15 PeV

B
H I
L1

1304.5356
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Neutrino Astronomy Begins

PeV neutrinos first observed by IceCube (Apr'l3)

fue Aug 9 O7:23:18 2011 Twe Jon 3 03:34:01 2012

Bert 1,05 PeV . Emie .15 PeV




Results of Contained Vertex Event Search (4.30)

S B 75 P Shal e S
%0 lceCube Preliminary Showers —e— -
60 |- s

40 Fas —
20 r }_}_{ I-I’ij

0 %%}? -
o @ TRL F L
40 £ * - \

81 e

60 |- T Lre % f g
-80 |- , I'f;'éli : ,l, : , S 2w e i_{ -

10° 10°
Deposited EM-Equivalent Energy in Detector (TeV)

Declination (degrees)

28 events (7 with visible muons, 21 without) on background of
10.64_'3:3 (12.1 + 3.4 with reference charm model)

M. Whitehorn, UW Madison IPA 2013 - 28




=

10°

E2d, [GeV cm? s1sr]

100 =» 10°

10 =» 10

events
per km2yr

Galactic CRs?

m Frejusv,
Frejus v,

II\.

e Superk. A

AMANDA v,
o un1|::r|dir1? |
olding

/7 torward

lceCube v

» unioldih? 2
[ forward tolding

Iugw (E, [GeV])

= ﬂa"g
Tioty, GRB GZK
i -: - am=
- Galactic supernovae ‘\‘ ;*'
11 . L Ll Ll l | | Bl L | ‘-‘.
1 0 1 z 3 4 0 (& / 8 9

Halzen ICRCI13




Skymap: No Significant Clustering

UBE PRELIMINARY

* AN p-values are postsrial 9
-
shower events [ g P
p-value = 8% + : :
. ; 1 % '
: 23 g + -!-H
‘lﬁ 1 3 - all events
b~ —|p-value = 80%
A
T+
: 25
Equatorial
l =
0 TS= 2log(L/LO) 12.4

N. Whitehorn, UW Madison

See: talk by Naoko Kurahashi Neils:ﬁﬂ I



Cosmogenic (GZK) Neutrinos & Photons
and UHECR composition
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What is so cool about GZK neutrinos?

They can answer many questions about the origin
of UHECRs

and
Can test BSM physics directly



Tests of UHE Neutrino Interactions
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Earth-Skimming & Airshowers Vs

BSM neutrino-nucleon cross section C.M ~245 TeV (E, =30 EeV)

Earth Skimming in Earth’s crust or ocean

Aishowers produced deep in atmosphere

Ex: leptophobic interaction

Down-going (quasi-horizontal)
Earth-skimming T showers showers




Earth-Skimming & Airshowers Vs

BSM neutrino-nucleon cross section C.M ~245 TeV (E, =30 EeV)

Earth Skimming in Earth’s crust or ocean

Aishowers produced deep in atmosphere

Ex: leptophobic interaction

Down-going (quasi-horizontal)
Earth-skimming T showers showers




Highest Energy Neutrino Observatories

IceCube




Generation GZK Neutrino
Detectors
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Next Generation GZK Neutrino
Detectors
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What other Cosmic Particles may we observe?
Neutrons? Muons? (Monopoles?)

10 PeV Muons from the Sun

EeV Neutrons from the Galactic Center

Topological defects
Primordial Black Holes
Q-balls

Strangelets

Nucleorites
etc...



Current Detectors



Cosmic Particles 2013
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Cosmogenic (GZK) Neutrinos & Photons
and UHECR composition
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redshift

Photon attenuation length

> 10 Mpc for E> 2 EeV
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Auger Photon Limits
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GZK/Cosmogenic Photons E_  dependent

IR/OPT/UV Kneiske 2006 mixed composition IRFOPTIUY Kneicke 2008 -
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Future Detectors



Cosmic Particles 2020
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Cosmic Particles 2020
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o Below E, ~ 20 GeV, PINGU provides gain in fiducial
mass relative to the existing low E,, in-fill, DeepCore
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Auger - First Harmonic Analysis

Data up to December 2010 New data Prescription status
(April 2011) Prescription set
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